Simian immunodeficiency viruses (SIVs) are primate retroviruses closely related to the etiologic agents of human AIDS, human immunodeficiency virus types 1 and 2 (HIV-1 and HIV-2, respectively).
Distinct viruses have been identified from several different African simian species since the initial isolation of SIV from immunodeficient captive Asian macaques (SIVmac) (5) . Five subgroups of primate viruses have been characterized according to sequence data: HIV-1 and SIVcpz (25, 40) ; HIV-2, SIVmac, and SIVsm (24) ; SIVmnd (47); SIVsyk (22) ; and SIVagm (6, 28) .
It should be noted that African monkey viruses do not cause immunologic defects in their natural hosts. Nevertheless, in a heterologous host, the pig-tailed macaque, two SIVagm strains isolated from vervet monkeys (Cercopithecus aethiops pygerythrus) induced an immunodeficiency syndrome: the SIVagm 155 uncloned virus (16) and the very recently characterized molecular clone SIVagm 9063, as well as its parental virus (23) . The only well-documented simian AIDS-like illness model for human disease is that observed in macaques experimentally infected with SIVsm, but no SIV-infected macaques have been found in nature.
Understanding the features of simian viruses may thus shed some light on the pathogenesis of human AIDS. SIVagm infection of wild-caught African green monkeys (AGMs) could be considered as a model of persistent and asymptomatic simian retrovirus infection because of the unusually high seroprevalence of SIVagm infection. Up to 80% seroprevalence has been reported in naturally infected adults (14) from West African species (Cercopithecus aethiops sabaeus). SIVagm strains were previously identified in four AGM species: in vervets found from Southern Ethiopia to South Africa (6, 30) , grivets (C. aethiops aethiops) found only in Ethiopia and the Sudan (28), sabaeus monkeys from West Africa (commonly called green monkeys [1, 32] ), and tantalus monkeys (C. aethiops tantalus) (32) from the Central African Republic. Four East African SIVagm strains have been completely sequenced (2, 12, 13, 28) . The characterization of a full-length provirus clone from a sabaeus SIVagm strain was recently published (27) .
At least two nonexclusive reasons could explain the apparent apathogenicity of SIVagm: a natural host resistance or the genetic characteristics of the viruses. We carried out studies with the SIVagm D30 isolate (89030 in reference 8) from C. aethiops sabaeus caught in West Africa (Senegal). The lack of clinical signs in a heterologous host (Erythrocebus patas) 2 years after experimental infection (7) could support the hypothesis of genetic control. Another SIVagm strain, D42 (89042 in reference 8), from a sabaeus monkey captured in the same geographic region was also selected for the present study.
In order to understand which regulatory genes could be responsible for the pathogenicity patterns shown by these two isolates, we first characterized these genes.
(Results were presented in part at the VIIIth International Conference on AIDS in Africa, Marrakech, Morocco, 12 to 16 December 1993 [28a] .)
Comparisons between regulatory proteins of D30 and D42 strains and other AGM viruses. To determine the nucleotide sequences, genomic DNAs were prepared from persistently SIVagm D30-and D42-infected Molt-4 (clone 8) cells obtained by coculture with peripheral blood mononuclear cells from the two animals. One microgram of genomic DNA was used as the template for PCR. PCR was performed with primers first chosen on the basis of published SIVagm sequences (33, 34) and then from the D30 and D42 isolate sequences we established. Most of the nucleotide sequences were obtained by direct sequencing of PCR products. Depending on the specificity of the reaction, the amplified DNA was purified directly or after the bands had been separated on low-melting-point agarose gels (GTG NuSieve; FMC, Rockland, Maine) with Gene Clean (BIO 101, La Jolla, Calif.). Some of these blunt-ended fragments were cloned in EcoRV-digested M13 BM20 (Boehringer Mannheim), and subsequent single-stranded templates were sequenced with the M13 universal primer. Cycle sequencing was performed by dye primer or dye deoxyterminator techniques with the kit protocols from Applied Biosystems (Foster City, Calif.). Sequences were analyzed with the automated Applied Biosystems model 373A DNA sequencing system. Four of the five regulatory genes were completely sequenced (i.e., Vpr, Tat, Rev, and Nef [nucleotide accession numbers in GenBank, U20811 to U20814, U20965 to U20968, and U21093]). The predicted gene products were compared with those of other AGM viruses, and the deduced amino acid identities are given in Table 1 . This comparison revealed several unexpected findings. There was very little homology between the D30 or D42 isolates and the other AGM virus regulatory proteins. Tat, Vpr, and Rev showed the lowest average homologies: 41% for Tat and 43% for Vpr and Rev. These values are much lower than those obtained by comparisons between other SIVagm proteins (50 to 71% in Tat, 68 to 90% in Vpr, and 43 to 77% in Rev). More precisely, considering species-specific divergence, the degrees of identity between the two viruses and viruses from vervet (strains 155, TYO, and 3) or grivet (strain 677) monkeys were lower than those between viruses from vervet and grivet monkeys (52, 69, and 46% on average for the same proteins, respectively). Moreover, this homology is quite similar to that between SIVagm (strain 155) and sooty mangabey (Cercocebus atys) virus (sm H4) (28) . In contrast, comparisons with another virus (sab-1) isolated from a sabaeus monkey (27) revealed high levels of amino acid identity (72, 90, and 80% on average for the Tat, Vpr, and Rev proteins, respectively). Nef, on the other hand, was the best-conserved protein (51% amino acid identity on average). These two strains, D30 and D42, are therefore quite distantly related to the earliest-studied AGM viruses.
Despite the high level of divergence, amino acid stretches previously described to be conserved in any SIV or HIV isolates were identified in the D30 and D42 protein sequences. In Rev amino acid sequences, the best-conserved, although mutated, region was the putative arginine-rich nuclear localization domain. The cysteine-rich metal binding motif was highly conserved in the D30 and D42 first coding exon of Tat (see Fig. 3 ). Concerning Nef gene products of both viruses ( Fig. 1) , the myristoylation signal was found to be flanking the initiation codon. Two domains, KGGLEG and WK/RFD (underlined in Fig. 1 ), previously defined as being essential for interactions with GTP and therefore for potential GTPase activity (17, 18) , were also found in all of the SIVagm Nef proteins. However, this HIV-1 Nef property was highly controversial (29, 37) . It was noteworthy that in the best-conserved part of the Nef protein between HIV-1 and HIV-2, the vervet and grivet viruses possessed specific motifs (boxed in Fig. 1 ) which were absent from the SIVagm D30 and D42 amino acid sequences. Moreover, in these areas, the highly divergent AGM viruses D30 and D42 were more homologous to HIV-1 or HIV-2 than to other AGM viruses.
Structural differences between SIVagm D30 and D42 and other SIVagm Vpr and Tat proteins. As proposed by several authors (22, 36, 45, 46) , the open reading frame juxtaposed between Vif and the first coding exon of Tat in the SIVagm genome has been more accurately designated as Vpr rather than Vpx. D30 and D42 putative Vpr proteins, like those of Nef nucleotide sequences from sabaeus viruses (D30 and D42) were translated and aligned with Nef amino acid sequences of vervet (TYO, 155, and 3), grivet (strain 677), and HIV-1bru and HIV-2rod viruses (33, 34) . Dots denote sequence identity with the D30 protein, while dashes represent gaps introduced to maximize the alignment. The bracket above the D30 sequence indicates the myristoylation signal GXXXS found in each Nef sequence shown in the figure. The two domains proposed as putative interacting sites with GTP (17, 18) are underlined. The amino acid stretches specific to the sabaeus Nef sequences, which are absent in East African SIVagm viruses, are boxed. other SIVagm strains, lack the proline-rich region specific to the carboxy terminus of the HIV-2, SIVmac, and SIVsm Vpx proteins. Surprisingly, the Vpr gene product displayed a very low level of identity (40 to 44%), whereas it was relatively well conserved within the SIVagm group (68 to 90%) ( Table 1 ). The major insertion (15 amino acids) noted in the amino terminus of the D30 and D42 Vpr proteins (Fig. 2) was partly responsible for this low percentage of identity. This insertion took place with no shift in the open reading frame. The two isolates showed the same amino acid insertions with only two different residues, one being an equivalent amino acid (K [lysine] versus R [arginine]). In other parts of the Vpr product, the D30 and D42 amino acid sequences could be aligned with those of previously reported SIVagm strains (Fig. 2) .
Because two almost identical decamers were found to be bordering nucleotides inserted in the D30 Vpr DNA sequence, we suggest that this insertion occurred in a common progenitor of D30 and D42 viruses. The fact that the 3Ј repeated decamer accumulated mutations in the D42 Vpr gene could indicate that this isolate diverged before D30. Another explanation could be that it might have mutated faster under a lower level of selective pressure.
This large insertion probably modified the structure of these proteins compared with those of the other SIVagm strains. The recently described full-length sabaeus provirus also contained such a longer gene, which the authors called Vpx (27) . Concerning the secondary structure prediction of the Vpr protein, in both D30 and D42 strains, these extra amino acids lead to a ␤ turn, which could influence the function of this protein.
While the Vpr protein is quite well conserved within the SIVagm group and also among HIV-1, HIV-2, and SIVsm, little is known about its function. Until now, Vpr has not seemed to be essential for replication in cell culture (15, 39) . Studies of SIVmac Vpr mutants have not yet demonstrated that Vpr is absolutely essential for disease progression in vivo (31) . Nevertheless, the virion association of Vpr (4, 48) suggests that this protein may play a role in early steps of the virus cycle, possibly in facilitating migration of the preintegration complex to the nucleus of nondividing cells such as macrophages (19) .
Another interesting feature of the two isolates described here concerned generation of a stop codon in the Tat gene by splicing (not shown). The putative Tat protein produced from the spliced mRNAs thus only consisted of the first coding exon product (Fig. 3 ) in contrast to that of the previously described SIVagm. In the recently sequenced sabaeus SIVagm strain (27) , the splice junction was mutated in exactly the same manner. Even if splicing did not occur, the D30 and D42 Tat open reading frames would have been precisely interrupted at the 5Ј splice site by two in-frame stop codons. In HIV-1, HIV-2, SIVmm, and SIVagm isolates (33) , stop codons following the splice donor were also found. Because it is well documented that the HIV-1 first Tat exon is fully functional in Tar-dependent activation of the virus promoter (26, 43) , transactivation of D30 and D42 viruses could be expected to occur. However, the basic domain involved in RNA binding (boxed in Fig. 3 ) is less conserved, lacking the arginine amino acid required for correct binding (3) . This is also the case for Tat amino acid sequences of other SIVagm strains (Fig. 3) . Because previous studies (44) demonstrated that basic amino acids flanking the arginine residue are determinant in the sequence-specific RNA interaction and in the transactivation activity, we suggest that these Tat products could not optimally transactivate the D30 and D42 promoters relative to the high level of HIV-1 transactivation. In fact, long terminal repeats (LTRs) of SIVagm strains from vervet and grivet monkeys were found to be inefficiently activated by their Tat proteins (42) .
The LTR sequences were determined (not shown): 767 and 778 bp in D30 and D42 viruses, respectively, 332 of which overlapped their Nef genes. Regulatory sequences highly conserved in all primate lentiviruses were found in the D30 and D42 3Ј-terminal repeat. As is the case in SIVagm strains from other sabaeus and tantalus monkeys, only one NF-B site was noted in the U3 region (27) . In contrast, vervet and grivet viruses were shown to contain two NF-B sites (27, 28) . D30 and D42 were found to be the genetically closest AGM viruses (Table 1) , with 87% identity in the LTR. One striking difference between these two strains was the presence of four potential Sp-1 binding sites in the D42 LTR, as in the HIV-2, SIVmac, and SIVsm group of viruses and SIVsyk. Only three were found in the D30 and most other SIVagm strains, including sabaeus viruses, as reported for HIV-1 (27, 28) . Another structural feature common to the LTR of HIV-2, SIVmac, and SIVsm viruses was the presence of duplicated TAR sequences in both of our viruses. LTRs from all sabaeus isolates studied to date, in contrast to those from other SIVagm strains, contain two copies of the TAR motif (27) . These findings underline the variability already described among LTR sequences in the SIVagm group. Phylogenetic relationships with other lentiviruses. The percent amino acid identities of the D30 and D42 predicted regulatory proteins indicated that these two viruses are closely related (Table 1) . Concerning the first coding exon of Tat (69 to 76%) and in Rev amino acid sequences (78 to 82%), D30, D42, and sab-1 are the most homologous AGM viruses described so far. Other values deduced from these comparisons (88 to 91% in Vpr and 82 to 84% in Nef) are quite similar to those obtained for viruses from vervets. No significant difference between the two sabaeus viruses described here could be detected, except in the LTR, where D42 possesses one more Sp-1-binding site than does D30. Furthermore, common structural differences and the high level of divergence of D30 and D42 isolates from other SIVagm revealed that they belong to a new class of viruses from AGM. This finding was clearly illustrated by the phylogenetic tree analysis performed with Nef amino acid sequences (Fig. 4) . SIVagm D30 and D42 clustered together with the other AGM viruses. However, with the recently cloned sabaeus isolate SIVagm sab-1 (27) , they are clearly genetically distinct from other AGM viruses and constitute an outgroup. Moreover, this group likely diverged before grivet and vervet viruses separated. These isolates appear to be the most divergent AGM viruses known, as shown by the percentages of homology given in Table 1 . This phylogenetic tree is consistent with another based on Tat protein data (first coding exon). In a previous study (1) , the tree constructed with Pol sequences also separated the four sabaeus viruses analyzed from vervet and grivet viruses within the SIVagm group. Our results could be explained by the origin of the animals from which D30 and D42 viruses were isolated. They were two sabaeus monkeys caught in the same region of West Africa, whereas SIVagm described previously originated from vervet and grivet monkeys from East Africa. As previously discussed (1, 27, 32) , each AGM species might harbor its own distinct SIV, which could have coevolved with its natural host.
For each regulatory protein studied, the present results demonstrated that our two sabaeus viruses were more distantly related to vervet and grivet viruses than the latter viruses were to each other. This is in line with the phylogeny of these AGM species (1). In the opposite direction, Müller et al. (32) showed that viruses from sabaeus monkeys, including the D30 virus described here, are more closely related to vervet viruses. This could be due to data differences concerning part of the Env nucleotide sequences, including SIV isolates from tantalus monkeys. In fact, in the trees established for entire Env and Nef proteins (27) , the relative positions of each SIVagm species were identical to the branching orders we obtained by analysis of Nef and Tat amino acid sequences (Fig. 4) .
In conclusion, sequence analysis of four regulatory genes from two sabaeus viruses demonstrated that they are closely related and belong to a distinct class of viruses clearly divergent from other AGM virus groups. Moreover, some structural features of the regulatory proteins were specific to these sabaeus viruses.
Regulatory open reading frames are maintained in all viruses of the lentivirus family, which may be a sign of an important function of these proteins during the virus life cycle and disease development. Study of the corresponding genes of putative nonpathogenic virus genomes could provide clues for understanding features involved in the pathogenesis of the human viruses.
Several reasons could contribute to the asymptomatic infection of the sabaeus monkey, attributed both to the virus and to its host. While the functional immune response of AGM to infection with SIV was similar to that of humans to infection with HIV-1 (38), a striking difference was recently shown (9) in the proportion of CD4 ϩ (10%) and CD8 ϩ (80%) lymphocytes. Moreover, AGM CD8 ϩ lymphocytes, as do their human counterparts, secrete a factor with an inhibitory activity on viral replication in CD4 cells (9) . This could be of importance in understanding why SIVagm does not induce immunological defects in its natural host. It is thus evident that investigation of the mechanisms of SIVagm asymptomatic infection could provide clues for the comprehension of AIDS induction by human viruses.
More experimental data concerning the mode of action of SIVagm genes are needed to better explain which genetic virus or host properties are involved in the apparent apathogenicity of AGM viruses. The absence of AIDS-like disease development in a heterologous species (E. patas) could indicate involvement of genetic control in the asymptomatic infection with SIVagm D30. This situation contrasts with the experimental infection of macaques with SIVsm, the only currently available animal model for HIV infection in humans. FIG. 4 . Phylogenetic tree deduced from analysis of the Nef protein of SIVagm strains from sabaeus monkeys and various other primate lentiviruses. Amino acid sequences were obtained from the Los Alamos sequence database (33, 34) and were aligned with the D30 and D42 ones by the CLUSTAL program (20, 21) . The alignment consensus length was 257 amino acids. The tree was built by the neighbor-joining method (41) , with the SIV from mandrills (SIVmnd) (47) as the outgroup. Lengths of horizontal branches are proportional to the number of amino acid substitutions. The scale bar indicates 0.1 amino acid replacements per site. Clusters found in more than 70% of 1,000 bootstraps are indicated. The same tree was generated by two other methods, the bootstrap approach of PAUP (10) and parsimony analysis (PROTPARS) (11) with the maximal length alignment (325 residues).
